This paper briefly reviews the functional anatomy of the basal ganglia and their relationships with the thalamocortical system. The basal ganglia, including the striatum, pallidum, subthalamic nucleus, and substantia nigra, are involved in a number of parallel, functionally segregated cortical-subcortical circuits. These circuits support a wide range of sensorimotor, cognitive and emotionalmotivational brain functions. A main role of the
INTRODUCTION
Voluntary (intended) movements as well as unintentional movements are based on spatial and temporal patterns of muscle contractions that are initiated and coordinated by different structures in the central nervous system. The fine-tuning of these structures and the neuronal networks that are involved in motor execution are essential for the expression of adequate motor behavior. Most of our skilled movements, as well as our complex behaviors, have been learned in the course of development and have to be 'maintained' during adult life. Although in this extended, lifelong learning process extensive parts of the brain are important, in the case of skilled movements in particular the cerebral cortex, the cerebellum, and the basal ganglia have a crucial role. Clumsiness is a term associated in childhood with problems in the learning and execution of skillful movements, the neuronal basis of which is, however, poorly understood (Hadders-Algra, 2003) . The knowledge of normal structural and functional relations among the brain structures involved in motor functions is essential for insight into the etiology and pathogenesis of various movement disorders, including clumsiness.
The execution of willed, intentional movements often requires the subtle, concerted action of the motor and sensory systems. Consider, for example, eye-hand coordination during the execution of fine manipulations with the hand and fingers. Complex movements have to be learned and they have to be practiced frequently. The correct execution of such (C) 2003 Freund & Pettman, U.K. movements is dependent upon the exact timing in the activation and switching of motor programs that have been imprinted in the brain during the course of motor learning processes (motor memory). In daily life, once a movement has been initiated, the execution of most of our willed, intentional movements occurs virtually automatically.
Intentional movements are in essence initiated by the cerebral motor cortex that directly, or indirectly via local premotor circuits, reaches the brain stem or spinal motor neurons that project to the muscles. Before a motor signal descends from the motor cortex to the brain stem and spinal cord, however, several cortical and subcortical centers, including the basal ganglia and the cerebellum, have posed their influence on the motor cortex to 'shape' the final, descending signal. The basal ganglia and the cerebellum exert their influence on the final motor output pathways largely via the thalamus on the descending, corticobulbar and corticospinal motor pathways that originate in the motor and premotor areas of the cerebral cortex. In this way, both the basal ganglia and the cerebellum have an essential and distinctive role in the organization (coordination, timing, and sequencing) of a normal motor output. Finally, the basal ganglia, as well as the cerebellum, play an important role in motor learning processes, albeit in different aspects and phases.
The present account briefly reviews the functional-anatomical aspects of the basal ganglia in relation to the brain circuits in which they are involved. The arrangement (described below) of 'intrinsic' connections between basal ganglia structures and their functional-anatomical relations with the (frontal) thalamocortical system, as well as with a number of centers in the mesencephalon, lend support to the hypothesis that the basal ganglia play a role in the facilitation of intended, desired motor programs and in the suppression of unintended or competing ones. The basal ganglia might also play a role in the learning of skillful movements and (complex) behavioral The brain structures that are included in the 'basal ganglia' consist of the striatum, the pallidum, the subthalamic nucleus, and the substantia nigra. Each individual structure is, in the human brain, constituted by macroscopically different subnuclei. Thus, the striatum includes the caudate nucleus, putamen, and nucleus accumbens, the pallidum consists of an internal and an external segment, and the ventral pallidum. The subthalamic nucleus appears, macroscopically, as an undivided morphological unity, but the substantia nigra has a clearly distinguishable pars compacta and pars reticulata. The ventral tegmental area (VTA), situated medially to the substantia nigra in the rostral mesencephalon, can also be considered a part of the basal ganglia 'family'.
The reason for including the caudate nucleus, putamen, and nucleus accumbens collectively in the striatum is that all three nuclei have similar histological, neurochemical, and connectional characteristics. The predominant striatal neuronal element is the medium-sized, densely spiny neuron that receives and integrates the bulk of striatal inputs from the cerebral cortex and thalamus and that projects to the pallidum and the substantia nigra ( Fig. 1 ; Smith & Bolam, 1990; Gerfen & Wilson, 1996) . Medium-sized spiny neurons contain the neurotransmitter gamma-amino butyric acid (GABA) and co-localize different neuropeptides. A minority of striatal neurons is formed by various types of interneurons, among which are cholinergic and parvalbuminergic, as well as a variety of peptidergic neurons (Bolam et al, 2000) . Although the various parts of the striamm may transfer different types of information (on the basis of inputs from functionally distinct areas of the cerebral cortex; see below), as a result of its relative histological and neurochemical uniformity, the way in which these different types of information are 'processed' in the striatum is probably very similar. Likewise, distinct parts of the pallidal complex can transfer different types of information, but the morphological characteristics of the variots subnuclei of the pallidal complex are comparable. Most of the pallidum consists of relatively large aspiny neurons that contain the neurotransmitter GABA; the neuronal density of the pallidum is much lower than that of the striatum. Pallidal neurons receive most of their input from the striatum and the subthalamic nucleus, and they project either to other basal ganglia structures or to the thalamus or the brain stem outside the basal ganglia circuitry (Gerfen & Wilson, 1996) .
In (Gerfen & Wilson, 1996; Wise et al., 1996) .
'Position' of the basal ganglia in forebrain circuits
The striatum can be considered the main input structure of the basal ganglia in that the entire cerebral cortex, in a topographical manner, projects to the striatum while also the midline and intralaminar thalamic nuclei, the hippocampus and amygdala send fibers to the striatum. All these striatal inputs are excitatory (Parent & Hazrati, 1995; Wise et al., 1996) . The transfer of cortical and thalamic information through the striatum is modulated by dopaminergic and serotonergic inputs from the pars compacta of the substantia nigra and the mesencephalic raphe nuclei, respectively. The striatum is rich in dopamine D1 and D2 receptors, whereas various types of serotonergic receptors are expressed, among which the 5HT-2 receptors are most prominent (Gerfen & Wilson, 1996) . The ventral parts of the striatum, including the nucleus accumbens, as well as ventral parts of the caudate nucleus and putamen, receive 'limbic' inputs from the hippocampus and the amygdala; this part of the striatum contains the highest density of serotonergic receptors and expresses, in addition to the D1 and D2 receptors, the dopamine D3 receptor (Groenewegen et al., 1996; Diaz et al., 1995) . The electrophysiological properties of medium-sized spiny output neurons of the striatum are such that they depend on convergent excitatory inputs (from the cerebral cortex and the thalamus) to become 'active'. In view of the very intricate patterns of overlap and segregation of inputs from (functionally) different cortical areas, this dependence most probably allows for a highly selective mechanism of activation of specific striatal regions or populations (ensembles) of striatal neurons, which is important for an understanding of the functions of the basal ganglia (Pennartz et al., 1994; Gerfen & Wilson, 1996 ; see also below).
The main output of the basal ganglia is derived from the internal segment of the g|obus pallidus, the pars reticulata of the substantia nigra, and the ventral pallidum. These structures predominantly project to the ventral anterior and mediodorsal thalamic nuclei and reach in this way the cerebral cortical areas in the entire frontal lobe. Also, the centromedian-parafascicular thalamic nucleus is reached by pallidal inputs, and this thalamic structure projects to the motor cortex as well as to the striatum. In addition, pallidal and nigral outputs reach the superior colliculus, the mesencephalic reticular formation, and the pedunculopontine region, in this way influencing descending brain stem projections to the spinal motor apparatus (Parent & Hazrati, 1995; Gerfen & Wilson, 1996) .
The external segment of the globus pallidus and the subthalamic nucleus have very limited, if any, projections outside the basal ganglia circuitry but are intensively interconnected with each other, as well as with other subnuclei of the pallidal and nigral complex. These structures form part of the so-called 'indirect pathway', or rather 'indirect network' (Bolam et al., 2000) , that is interposed between the striatum as the basal ganglia input structure and the output structures, namely the internal pallidal segment, ventral pallidum, and pars reticulata of the substantia nigra. A 'direct pathway' also exists between the basal ganglia input and output structures, which comprise the direct striatopallidal and striatonigral projections ( Fig. 2 ; Gerfen & Wilson, 1996) (Chevalier & Deniau, 1990) . By contrast, a higher activi.ty in the 'indirect network', tbr example through the activity of the indirect striatal output pathway, is 'translated' into an increased activity of the excitatory subthalamic projections to the basal ganglia outputneurons, leading to a stronger inhibition of the basal ganglia targets. If a higher activity in the (we)frontal thalamocoical systems is considered to be associated with increased motor or cognitive/ behavioral output of the brain, we can conclude that the direct pathway facilitates, whereas the indirect pathway or network suppresses such output. Noteworthy is that the subthalamic nucleus not only receives a (tonic) inhibitory input from the external pallidal segment .(and in this way is disinhibited during striatal activity) but also is projected upon directly by excitatory cortical and thalamic fibers (Gerfen & Wilson, 1996; Feger et al., 1994) . The cortical fibers originate mostly in the frontal cortex, whereas the thalamic fibers are derived from the centromedian-parafascicular complex. This means that (parts of) the cerebral cortex, as well as the caudal intra|aminar thalamus play a role in a stronger inhibition of the basal ganglia target areas and, thereby, the suppression of motor and/or cognitive outputs.
Via different types of dopamine receptors in the two populations of striatal output neurons, dopamine has an opposing role on these output pathways of the striatum. Via the dopamine D1 receptor, the activity of the direct pathway is facilitated, whereas the dopamine D2 receptor suppresses the activity of the indirect pathway at the level of the basal ganglia output neurons (Gerfen & Wilson, 1996) . Therefore, higher striatal dopamine levels result in a disinhibition of the basal ganglia target areas, whereas lower dopamine concentrations at the striatal level lead to a stronger inhibition of the basal ganglia targets. The latter situation occurs in Parkinson's disease and is associated with bradykinesia and hypokinesia.
As indicated above, the projections frown functionally different parts of the cerebral cortex to the striatum are topographically organized. The result of this organization is that the striatum can be subdivided into functionally different sectors, namely a sensorimotor sector receiving convergent inputs from motor, premotor, and sensory cortical areas; an associative sector receiving inputs frown (pre)frontal, temporal, and parietal association cortical areas; and, finally, a 'limbic sector that is projected upon by the hippocampus, amygdala, and parahippocampal and orbitofrontal cortices (Fig. 3) 
Convergence and segregation of information
Next to a parallel arrangement of connections within the basal ganglia and the basal gangliathalamocortical circuitry, convergence of information at several levels is likewise characteristic for the organization of basal ganglia circuits and essential for the understanding of basal ganglia functioning. For example, at the level of the striatum, intricate patterns of overlap and segregation exist between the afferents from different cortical and subcortical sources. Because the medium-sized striatal output neurons, due to their electrophysiological membrane properties (see above), are difficult to excite and need strong convergent input from excitatory inputs to become active, they are excellent 'coincident detectors' ( Fig. 1 ; Houk et al., 1995 (Flaherty & Graybiel, 1991) . In more general functional terms, such arrangements are pre-eminently suited for the activation of a particular output on the basis of a specific set of inputs, namely, the detection of a particular sensory, motor, cognitive, or emotional context.
The integration of different streams of information can play a role not only in the striatum but also in other basal ganglia structuresnamely, the pallidum, the substantia nigra, and the subtha|amic nucleus. In particular the substantia nigra has been proposed to play an important role in integrating functionally different streams of information that influence motor and behavioral output (Haber et al., 2000) . Nevertheless, the striatum can be considered the main locus of integrative aspects of basal ganglia functioning. (DeLong, 1990; Gerfen & Wilson, 1996) . Also widely accepted, however, is that the basal ganglia are not crucial for the initiation of movements. This conclusion is based mainly on the observations that the electrophysiological activity of basal ganglia structures occurs relatively late in the initiation phase of a movement (Mink, 1996 (Marsden, 1987; Marsden & Obeso, 1994) . Whether the basal ganglia are the site of 'storage' of motor programs or whether these programs are laid down in the cerebral cortex remained open, whereas the basal ganglia are considered crucial for 'calling up' these programs and the switching between them.
FUNCTIONAL ASPECTS OF THE
Hikosaka (1994) suggested that the basal ganglia are responsible for the suppression and release mechanisms on such innate movements as locomotion, mastication, and so on via descending projections to the brain stem, as well as for similar mechanisms on complex, learned movements via the projections to the thalamocortical system. Hikosaka (1994) also proposed a role for the basal ganglia in the learning phase of complex movements, specifically also for the dopaminergic system and in his proposal, motor programs are 'stored' in the cerebral cortex. Following the phase of learning of motor programs, the basal ganglia would have a role only in the 'activation' of these programs, or in elements of those, in a particular context.
A recent hypothesis (Mink, 1996) , taking into account the detailed knowledge of the basal ganglia circuitry outlined above, is more specific about the role of the basal ganglia in motor behavior. This hypothesis states that the basal ganglia are crucial for the facilitation of desired movements and the suppression of unwanted, competing movements (Mink, 1996) . The basal ganglia, with their strong and tonic inhibitory input on the thalamic and mesencephalic target areas, act as a general brake on the expression of motor and behavioral output. At the moment that it is 'decided' in the prefrontal and premotor cortices to execute a motor program, this information is sent to the striamm, as well as in a corollary manner to the subthalamic nucleus. The activation of striatal neurons that give rise to the direct output pathway to either the internal segment of the globus pallidus or to the substantia nigra pars reticulata leads to a disinhibition of the thalamocortical system that, in ram, provides the final output for the desired movement (Fig. 4) . The 'parallel' cortical excitation of the subthalamic nucleus leads to a higher activity of the basal ganglia output neurons not concerned with the intended movement or complex of movements, resulting in the suppression of potentially competing motor output (Mink, 1996) (Gerfen & Wilson, 1996; Schultz, 2002) .
Another, more differentiated role for dopamine has been hypothesized in the realm of the learning of movements and behavioral acts. On the basis of behavioral studies combined with in vivo electrophysiology of the dopaminergic system, Schultz and colleagues (for review, see Schultz, 2002) (Schultz, 1998) . Noteworthy is that the activations of the dopamine neurons are not related to any aspect of the movements that animals have to make during the tasks underlying the behavioral learning (Schultz, 2002) .
The effect of a brief, phasic activation of the dopaminergic system, which at the striatal level leads to a spatially rather general release of dopamine, can be interpreted as follows. Dopamine terminals are present on striatal medium-sized spiny neurons and, at the ultrastructural level, terminate very close to the corticostriatal terminals on the spines of these neurons ( Fig. 1 ; Smith & Bolam, 1990 ). As discussed above, the cortico-striatal system is very precisely organized, and fibers from different although functionally related cortical areas converge on the same neuron, or on small groups of neurons ('ensembles'). These neurons will be activated only under specific circumstances, namely when a sufficient number of their excitatory corticostriatal afferents are active. Striatal mediumsized spiny neurons are therefore thought to be ideal 'context detectors' (Houk et al., 1995 (Hikosaka, 1994; Houk et al., 1995; Schultz, 2002 (Mink, 1996; Redgrave et al., 1999) . Plasticity in the basal ganglia circuitry and learning processes are important fundaments for these functions. In particular, the ventral striatum might be crucial for the learning and execution of reward-related behavior, whereas the dorsal striatum is important for stimulus-response behavior (habits). The development of the human basal ganglia, in particular the dopaminergic system, takes place over an extended period of time and most probably includes at least the first three decades of life (Segawa, 2000) . The activity of tyrosine hydroxylase, as a marker for the dopaminergic system, and the expression of dopamine receptors vary significantly in this extended age period. Certain variables may reach 'adult' levels only in the fourth decade. The effects of lesions of the basal ganglia are also dependent upon the age at which they occur. Thus, whereas lesions of the dopaminergic system in early life lead to dystonic symptoms, after the third decade such lesions rather result in parkinsonistic symptoms (Segawa, 2000) . Another (1996) , namely, that the basal ganglia play an important role in the release of desired and in the suppression of unwanted movements, the symptoms in Tourette's syndrome can be interpreted as the result of a defective suppression mechanism in the basal ganglia (Mink, 2001) .
These two examples of basal ganglia disorders occurring in childhood illustrate different aspects of the role of the basal ganglia in the control of movements. In dystonianamely, focal or more generalized prolonged contraction of (groups of) muscles leading to a disturbed posturenormal skillful movements are hampered by the unwanted contractions. In Tourette's syndrome, fragments of in principal normal movements are expressed beyond the control of the patient. In both cases, however, the mechanism to select a movement or a motor program is defective.
The question whether clumsiness, at least in part, may be attributed to a defective role of the basal ganglia in the process of the learning and execution of skillful movements is at present difficult to answer. It seems very likely that disturbances in the development of the cerebellum play an important role in clumsiness (Gramsbergen, 2003 (Stein and Aziz, 1999; Doya, 2000; Hikosaka et al., 2002) . Hopefully, this approach will provide more insight into the deficits in the central control of movements that are associated with clumsiness.
